The NH2-terminal amino acid sequences of both structural glycoproteins of each of eight alphaviruses have been obtained. These sequences demonstrate that the alphaviruses are all closely related and have in all probability descended from a common ancestor. Cysteines are conserved as well as several other residues important for secondary structure, suggesting that the three-dimensional conformations of the alphavirus glycoproteins are conserved while considerable variation in the primary sequence has evolved. Secondary structure predictions based upon the amino acid sequences are consistent with this hypothesis. An evolutionary tree for these eight alphaviruses has been constructed from the amino acid sequence data and, at many positions in the sequence, the amino acids present in the ancestral glycoproteins have been deduced.
The Alphavirus genus of the family Togaviridae contains about 25 members, many of which have geographical variants (1) . The vertebrate host range of this group of viruses is quite wide, and alphaviruses have been isolated from numerous species of birds and mammals as well as from reptiles and amphibians (2) . Many of these viruses are important human or veterinary pathogens, including three equine encephalitis viruses, western, eastern, and Venezuelan, which are epidemic in the United States (3) . These viruses are transmitted in nature by mosquitos and must replicate in the arthropod vector as well as in the vertebrate host. Because of this alternation between arthropod and vertebrate hosts and the very wide vertebrate host range, the selective pressures operative during alphavirus evolution are expected to be quite different in scope from those that affect viruses restricted to a few host organisms.
To date, inclusion within the Alphavirus genus and the relationships among the various alphaviruses have been defined by serology, using the extent of cross-reaction between members in neutralization, complement fixation, and hemagglutination-inhibition tests and cross-protection experiments in host animals. This has allowed the grouping of these viruses into six subgroups (4) . Although this approach has proven extremely useful in the identification and classification of virus isolates, it is clear that much more information on the relationships of these viruses can be obtained from a comparison of the primary amino acid sequences of their structural proteins. Such an approach, the comparison of the primary structures of common proteins, has proven useful in the determination of phylogenetic relationships among eukaryotes (5) . Similarly, recent studies of influenza virus (6, 7) have compared the protein sequences of the hemagglutinin (HA) protein from a number of strains.
Efforts have been made to examine relationships between alphaviruses by examining sequence similarities indirectly by nucleic acid hybridization (8) or by RNase digestion patterns (9) . However, the extent of divergence at the nucleotide level is so great among the alphaviruses that little or no similarity could be detected except between the most closely related members of the genus. This divergence arises in part from the fact that alphavirus nucleotide sequences encoding either nonstructural proteins (10) (11) (12) or structural proteins (13, 14) have diverged markedly and even in regions in which the amino acid sequences are highly conserved, the codon used for any conserved amino acid has been essentially randomized. Thus the evolutionary divergence among the alphaviruses is extensive and the conservation of amino acid sequence results from functional requirements and is of particular relevance.
We have now obtained the NH2-terminal amino acid sequences of the two virus glycoproteins, El and E2, for eight alphaviruses, including representatives of five subgroups, and these data have allowed the construction of an evolutionary tree for these viruses.
METHODS
Virus Strains. The eight alphaviruses used in this study are listed in Table 1 together with abbreviations to be used in this report. EEE and VEE (two strains, the virulent Trinidad Donkey strain and the TC-83 vaccine strain) were grown in Fort Collins. WEE (McMillan strain) was grown in Tokyo (15) , SIN (AR339 and HR strains, obtained originally from E. R. Pfefferkorn), RR (strain T48, obtained from R. Shope) (14) , MID (obtained from P. Marcus), SF (obtained from L. Dalgarno) , and BF (14) were grown in Pasadena.
Preparation of Virus Glycoproteins. EEE and VEE were grown and purified by the methods of Trent et al. (16, 17) and the glycoproteins were separated by polyacrylamide gel electrophoresis. SIN, MID, RR, SF, and BF were grown and purified by the methods of Bell et al. (18) and the glycoproteins were separated by chromatography on glass wool. This procedure utilizes the fact that alphavirus E2 binds to glass wool under appropriate conditions whereas El does not. WEE glycoproteins were also separated by glass wool chromatography, as previously described (15, 19) .
Amino Acid Sequencing. Purified glycoproteins were subjected to automated Edman degradation on a noncommercial spinning cup sequencer (20) . Reversed-phase high-pressure liquid chromatography was used to separate the mixture of phenylthiohydantoin amino acid derivatives released at each cycle (21) . In some cases, to permit the determination of cysteines, the glycoprotein was reduced with dithiothreitol and the cysteines were modified with iodoacetamide prior to sequencing; in other cases cysteine was not determined.
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RESULTS
The NH2-terminal amino acid sequences of the two glycoproteins of the eight alphaviruses are shown in Fig. 1 , using a format that emphasizes homology. For SIN, RR, SF, and MID the sequences have been extended by using nucleotide sequence data as described in the figure legend. The data for each protein are presented as a comparison with a consensus sequence, which lists at each position the most common (or one of the equally most common) amino acids found at that position in the alphavirus sequences. At many positions it has been possible to deduce the ancestral amino acid (see below) for the genes for El and E2; these ancestral amino acids are boxed in the two consensus sequences. Certain highly conserved regions or residues have been shaded to emphasize their conservation. Cysteines, aromatic residues, and certain prolines and glycines tend to be conserved, suggesting that the secondary structure of the glycoproteins is conserved.
The sequence data show that all eight alphaviruses are closely related and that all of the El glycoproteins are almost certainly derived from a common ancestral gene, as is also. the case for the E2 glycoproteins (27) . The degree of homology among these viruses in the NH2-terminal region examined is shown in Table 2 
FIG. 1. NH2-terminal amino acid sequences of El and E2
for eight different alphaviruses. The single-letter amino acid code (A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr) is used. A "consensus" sequence is shown in the first line and all virus sequences are shown in relation to this: a dot means the amino acid is the same as in the consensus sequence; if the amino acid at any position differs from this consensus sequence, the changed amino acid is shown. Gaps have been introduced as necessary to maintain the alignment. ? indicates no assignment was made; underlining indicates some uncertainty in the assignment. In the case of SIN (13), SF (23) , and RR (14) , the sequences have been confirmed and extended by using the amino acid sequences deduced from nucleotide sequence analysis. For MID E2, positions 2-40 were determined by amino acid sequencing and positions 39-69 by nucleotide sequencing. For this single-stranded complementary DNA was synthesized, and Hae III restriction fragments were sequenced and aligned by using methods previously described (10) . The amino acid sequence data for SIN (24, 25) , WEE (15) , and BF (26) have been previously reported. The SF data obtained by us include residues 1-33 for El (except that residue 26 was not determined) and 4-11 for E2 and agrees with the sequence reported by Garoff et al. (23) from nucleotide sequence analysis. For RR we obtained the amino acid sequence of residues 1-11 and 13-15 of El and 1-36 of E2, which was in perfect agreement with that found by nucleotide sequence analysis (14) . For VEE the sequence was obtained for both the TRD and TC-83 strains; where these sequences differ (see text) the sequence given here is that of the TRD strain. TC-83 E2 residues 1-17 were confirmed by nucleotide sequence analysis, using the methods described above for MID E2. Certain highly conserved residues or areas are shaded. In the case of El of WEE, VEE, BF, and EEE the protein was not reduced and alkylated so that cysteines were not recovered. The failure to identify an amino acid at position 49 in these cases suggests that cysteine is present as it is in the other viruses examined. Similarly, residues 62 and 63 of WEE El are likely to be cysteine. Residues boxed in the consensus sequences in the regions 1-60 in El and 1-35 in E2 are those amino acids deduced to be present in the ancestral genes for these proteins (see text).
Proc. NatL Acad Sci. USA 81 (1984) Fig. 1 . When gaps are required for alignment, each gap, regardless of length, is considered as one comparison and is considered to equal three differences. Numbers above and to the right of the diagonal refer to El/El comparisons and those below and to the left of the diagonal refer to E2/E2 comparisons.
from 32% to 83%, depending upon which glycoproteins are being compared, and El is more highly conserved than E2. An excellent example of the latter is the fact that no gaps or insertions are required to align the El sequences, but four gaps (one each in SIN, WEE, VEE, and BF) are required to align the E2 sequences.
We have also examined two strains of VEE, the virulent Trinidad donkey strain (TRD) and the avirulent TC-83 vaccine strain. The TC-83 sequence of El extended for 36 residues and was identical to that for the TRD strain. The E2 sequence for TC-83 extended for 26 residues, and there were two amino acid substitutions: Lys-7 of TRD E2 becomes Asn in TC-83, and Ile-20 of TRD becomes Pro in TC-83. It is of interest that the only changes found occur in E2, the less highly conserved glycoprotein. A similar situation has been found for SIN in that in the absence of selection changes in E2 are more common than in El (25) .
From the data for the El glycoproteins of Fig. 1 an evolutionary tree can be constructed (Fig. 2) . Distances along the tree are proportional to the minimal number of amino acid substitutions necessary to go from one sequence to another. Sequence data for E2 are in many cases more limited than for El, and the divergence among the E2 glycoproteins is so extensive that there are few positions that supply the information necessary for tree construction. Nonetheless, the E2 data are in general consistent with Fig. 2 and in particular support the close relationship of MID, SF, and RR.
Using the data of Fig. 1 and the evolutionary tree of Fig. 2 the NH2-terminal regions of the genes for El and E2. To accomplish this, we used the algorithm described by Fitch (28) to deduce the possibilities at each amino acid position for all of the intermediate sequences in the tree in such a way that we account for the sequences in Fig. 1 with the minimal number of amino acid substitutions. At some positions in the proteins the ancestral sequences cannot be determined from among two or more possibilities. However, at many positions we were able to deduce the amino acid present in the ancestral sequence, and these ancestral residues are boxed in the consensus sequences of Fig. 1 . This exercise requires the assumption that evolution has proceeded in such a way that the minimal possible number of amino acid substitutions has occurred, and although this is likely to be true in most cases, there are probably exceptions.
We have also used the sequences of Fig. 1 to make predictions about the secondary structures of the alphavirus glycoprotein NH2 termini (Fig. 3) , using the procedure of Gamier et al. (29) . Although the methods for predicting protein structure are not well developed and probably only about 50% of the residues are actually in the predicted conformation (29) , the predicted structures of the El glycoproteins are all very similar in the region from positions 10 to 50 and are consistent with the hypothesis that the secondary structure of the glycoproteins is conserved from virus to virus. The predictions for the E2 glycoproteins are less satisfactory, as reverse-turns are clearly overpredicted.
DISCUSSION
The two surface glycoproteins of the alphaviruses, El and E2, are synthesized as part of a polyprotein precursor from the subgenomic 26S mRNA (reviewed in ref. 30 ). These glycoproteins are inserted during translation into the endoplasmic reticulum, glycosylated and acylated, and transported to the plasma membrane in the same way as the normal cell surface proteins of the host cell. Virus maturation occurs as preformed nucleocapsids bud through the plasma membrane, acquiring the viral envelope of lipid and El and E2. Host proteins are rigorously excluded from budding virions (31) .
As has been noted, El is more highly conserved than E2 ( Fig. 1 and Table 2 ). Although only the NH2-terminal regions have been examined here, results with three viruses for which the complete amino acid sequence of the glycoproteins is known from nucleotide sequence analysis, SIN (13), SF (23) , and RR (14) , reveal that this is also true of the glyco-proteins in their entirety. This is illustrated in Fig. 4 , where the glycoproteins of SIN and RR are compared throughout their length with a homology routine in which the percent homology over consecutive 25 amino acid stretches is plotted as a moving average. These two viruses have been chosen for illustration because from Fig. 2 they are distantly related alphaviruses. Also indicated on the figure are some landmarks in the glycoproteins. Certain regions of the glycoproteins are more highly conserved than others, but El shows greater conservation overall than E2. Note also that the homology in the NH2-terminal regions is not atypical of that found for the complete protein.
In view of the different rates of sequence divergence of El and E2, it is of interest to examine the functions of these two glycoproteins in the virus life cycle. These two glycoproteins form a heterodimer (33, 34 ), which appears to be the functional unit on the surface of the virus and which possesses the activities of hermagglutination and cell attachment (believed torbe manifestations of the same activity, that for attachment to susceptible cells to initiate the infection process), fusion (initiation of infection by fusion of the virus membrane with an endosomal or lysosomal membrane to introduce the virus nucleic acid into the cytoplasm, see ref. 35) , and neutralization (interaction with antibodies leading to loss of virus infectivity). The physical domain for hemagglutination may reside in El, as isolated El from SF or SIN can hemagglutinate (36, 37) . Garoff et al. (23) have suggested that the sequences responsible for fusion also reside in El.
In either case, however, the heterodimeric unit appears to be required for virus attachment and fusion (see for example refs. 38 and 39). On the other hand, the site for neutralization appears to be located on E2, since antibodies to E2 are in general neutralizing whereas those to El are not (reviewed in ref. 40) . Furthermore, antibodies to El are-cross-reactive, whereas those to E2 tend to be type-specific (36, 38, 41) , in agreement with the observation that El is more highly conserved than E2. All of this suggests that E2 functions during virus evolution to generate strain diversity and is the primary target of the immune system in that it elicits the production of neutralizing antibodies, whereas El is more highly conEl GLYCOPROTEIN (14) , the hydrophobic anchors that span the lipid bilayer (ROOT) (32) , and the region believed to be involved in membrane fusion (23) . The regions corresponding to the sequenced regions shown in Fig. 1 and used for construction of the evolutionary tree (El only) are shaded. served, possibly because it carries domains required for interaction with cellular receptors and for fusion.
Inspection of Fig. 1 reveals that there is considerable variation in the amino acid sequence with the exception of certain conserved residues or conserved regions. All of the cysteines in these NH2-terminal regions appear to be conserved, as well as many or most of the prolines, aromatic residues, and glycines, and certain of the charged residues. Since these residues are important in the determination of secondary structure this suggests that the overall conformation of the glycoproteins is conserved while considerable variation in the primary sequence can be accommodated. Secondary structure predictions (Fig. 3) , within the limits of accuracy of such predictions, are consistent with this suggestion.
The evolutionary tree derived from the amino acid sequence data illustrates the relationships among these viruses, and it is of interest to compare these relationships with those deduced from serological cross-reactions. Calisher et al. (4) recognize six subgroups of alphaviruses: the WEE group (which includes SIN), the VEE group, the EEE group, the SF group (which includes RR), the MID group, and the Ndumu group (for which group we have no data). Porterfield (1) has grouped MID, albeit distantly, with the WEE group, and the SF group with the VEE complex. Our grouping, based on protein sequence data and illustrated in Fig. 2 , is closer to that suggested by Calisher et al. (4) , but the sequence data show that MID, SF, and RR are closely related and these three viruses form a separate branch in the evolutionary tree.
BF is of particular interest. Limited serological data exist for this virus; it was originally classified as a bunyavirus (42) because it cross-reacts with Umbre virus (43), a member of the Turlock group. The amino acid sequences of the glycoproteins and recent serological data demonstrate it is in fact an alphavirus (26) (Fig. 2) . Clearly, the worldwide geographic distributions, and the tendencies toward neurotropism, of the alphaviruses have been established after the evolutionary divergence of these viruses. It is possible that the mosquito vector is of importance in these events, and it has been suggested that the differing virulence of geographically different strains of WEE may arise from transmission by different species of mosquitos in the various areas, differences in the vector-host relationships in different areas, or both (2) .
In this regard it is of interest that in a study of the genomic divergence among Sindbis virus strains, using the extent of RNase resistance of heterologous RNARNA hybrids as the criterion of relatedness, Rentier-Delrue and Young (8) found that strains from a single geographic region were more closely related than strains from different regions. These relationships thus appear analogous to studies of clinal distributions within a species. However, our data on different alphaviruses appear more analogous to studies of different species, and in these instances evolutionary divergence is not always correlated with geographic distribution, as illustrated by the SIN-WEE example discussed above. tral genes with the genes of other viruses and other organisms. The evolutionary data presented here are a first step in'obtaining this information.
